The phosphate uptake rate ofNeurospora crassa germlings growing exponentially in media containing phosphate at concentrations between 10 mM and 50 ,uM was virtually constant. The uptake characteristics of these germlings were studied in detail assuming the simultaneous operation of two uptake systems, one of low affinity and one of high affinity. The K,,, of the low-affinity system was constant after growth at phosphate concentrations greater than 1 mM but became progressively lower as the concentration was reduced below 1 mM. In contrast, the K,,, of the high-affinity system was independent of the phosphate concentration of the growth medium. The V,, ,,' of each system was highest after growth at low phosphate concentrations. As the phosphate concentration was increased to a maximum of 100 mM, the V,,,,,,. of the low-afflnity system fell gradually, whereas that of the high-affinity system at first fell rapidly but then reached a constant minimum value at concentrations of 2.5 mM and higher. The differences in the kinetic parameters fully account for the constancy of uptake rate shown by the germlings.
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There have been many studies of the kinetics of solute uptake systems, and in many instances uptake characteristics have been shown to differ in similar cells which have been exposed to different environments before study. However, there seems to be no instance where the activity of an uptake system(s) in an organism growing under a range of conditions has been precisely related to the requirements of the organism for the solute under those conditions. Such quantitative studies are needed to further our understanding of how uptake systems are controlled.
As part of such a study, we have shown that phosphate uptake by Neurospora crassa germlings after growth at either a high (10 mM) or low (50 ,uM) phosphate concentration is due to the simultaneous operation of two uptake systems (1) . In the present paper we show that, at the time of study, the growth rate and the rate of phosphate entry of such germlings are independent of the phosphate concentration in the growth medium. The observation made previously (1) , that the kinetic parameters of the uptake systems are influenced by the growth phosphate concentration, is extended to germlings growing at various concentrations within the range 50 ,.M to 100 mM. We find that the differences in the kinetic parameters are sufflcient to account precisely for the constancy of phosphate entry during growth. The results permit a detailed description of the way in which N. crassa adapts to phosphate supply.
MATERIALS AND METHOI)S
The strain of fungus used and the growth conditions, including the composition of the phosphatefree base medium, have been described (1) . For convenience, germlings are referred to by the initial phosphate concentration of the medium in which they were grown (e.g., 50 ,uM germlings were germinated and grown in medium initially containing 50 ,uM phosphate). The slight decreases in concentration that occur during growth have been taken into account where appropriate in calculations and graphs. The time of inoculation is taken as zero time. Estimates of doubling times (t,,) were calculated using least-squares analysis. Where appropriate, measurements are given as the mean +1 standard deviation. I)ry weight and total cell phosphorus determinations. To determine dry weights, germlings (usually from 500 ml of culture) were harvested onto preweighed cellulose nitrate filters (1.2-,.cm pore size) and washed twice with water. The filter and pad of germlings were dried to constant weight under vacuum over P205. For total cell phosphorus determination, the dried pad and filter were acid-digested. and the phosphate content of the digest was measured (3).
Uptake rate measurements with 32p,. Unless otherwise specified, uptake rate measurements were made with our standard method (1), which involves harvesting, washing, and resuspending germlings in fresh medium containing 14 ,M cycloheximide and with 32P, at the chosen concentration. In one experiment (Fig. 4) , we also measured uptake with a modified method, which avoids harvesting or washing the germlings and in which cycloheximide is not present in the uptake solution. 
RESULTS
Growth studies. In a preliminary experiment it was found that increase in dry weight of germlings at a high phosphate concentration (10 mM) became exponential by 2.5 h and continued in exponential fashion at least until 10 h (Fig. 1 ). If no phosphate was present in the growth medium, the germling dry weight followed that obtained with the high-phosphate treatment until about 3 h. If a low concentration of phosphate (50 AM) was present, the germling dry weight followed that obtained with the high-phosphate treatment until about 6 h. We chose 2.5 h as the most appropriate (Fig. 2) . The V,/iax values of the uptake systems of both types of germlings were also found to increase in exponential fashion (Fig. 3) phate concentrations between 10 mM and 50 ,tM (Fig. 4) that the high-affinity system does not change as the growth phosphate concentration is increased above 10 mM, but the VM,Xr of the lowaffinity system falls (Fig. 6B) Relative contributions of systems to uptake. The relative contribution of each uptake system to uptake during growth at a given phosphate concentration is summarized in Fig.  7 . From this diagram it can be predicted that the two systems would contribute equally to uptake in germlings growing at 145 ,tM phosphate. DISCUSSION Growth studies. The growth habit of filamentous fungi makes them unsuitable for continuous-culture growth techniques. Therefore, we chose to use batch culture techniques and study uptake during the period of exponential growth. Although the dry-weight increase was exponential by 2.5 h, the dry weight at that time was still less than twice that of the inoculum ( Fig. 1 and 2 ). We felt it desirable, therefore, to establish whether the growth parameters relating to phosphate uptake were also exponential by this stage. Figures 2 and 3 show that both the total cell phosphorus and the V,,,,(1 values for both phosphate uptake systems (expressed on a per-unit of culture basis) increased in exponential fashion over the period 2.5 to 4.5 h. The doubling times obtained for these parameters were consistently less than the doubling time for dry weight. The resultant slight increase in total cell phosphorus per unit of dry weight may reflect developmental changes during the 2.5-to 4.5-h period. Despite these small differences in doubling time, it is apparent that growth of the cultures is approximately balanced under the conditions of study. Thus, we suggest that results obtained with such germlings can be taken as representative of mycelium at later stages of exponential growth.
Changes in the parameters of the uptake systems. The constancy of phosphate uptake rate over a widt concentration range (Table 1 , Fig. 4) shows that N. crassa exerts a tight control over the activity of its uptake systems. Previously, we have established that the kinetic parameters of the uptake systems can differ depending on the phosphate concentration of the growth medium (1) . The calculated uptake rates presented in Fig. 6 , which are based on such kinetic analyses, show that changes in these parameters can account for the observed constancy of uptake. Thus, the mechanism by which N. crassa adapts to phosphate supply can be described in detail. At high phosphate concentrations in the growth medium, uptake is due predominantly to the low-affinity system [Km(IA,, about 1 mM], as at these concentrations Vm,a,n 1A is so low that the contribution of the high-affinity system is less than 10% in the total (Fig. 7) . Although V,, a. A) rises progressively as the growth phosphate concentrations is lowered from 100 to 1 mM ( Fig. 6A and B) , this rise is counter-balanced by the decreasing phosphate concentration, so that the amount contributed by this system to uptake remains relatively constant. At concentrations lower than 1 mM the contribution of the low-affinity system would decrease rapidly if V,,,aLI,A) and K .,LIA, remained at the values found in 1 mM germlings. However, the effective activity of this system is increased both by a continuing increase in Vm,a,L.A\ to a plateau value at 200 ,uM and below (Fig. 6A) , and a decrease in K,,,l,1A) (Fig. 5A ). Although these changes increase the ability of the low-affinity system to mediate phosphate uptake, this system alone cannot account for the observed uptake rates, and, particularly at the lower phosphate concentrations, the high-affinity system becomes relatively more important. From a constant low value at phosphate concentrations greater than 1 mM, Vi,arMA) increases steadily as the concentration in the growth medium decreases, until at 50 tM VMaxfHA) is over eight times its value at 10 mM (Fig. 6A) . In contrast to the low-affinity system, Km,,(I1A, is unaffected by the external phosphate concentration (Fig. 5B) .
In a similar study, also of N. crassa, Lowendorf et al. (5. 6) There is no clear understanding of the molecular nature of any uptake process, but the rate-limiting step has traditionally been interpreted in terms of protein "carriers" because of the analogy between uptake system kinetics and those of many enzymes. Despite its limitations. this type of interpretation provides a useful basis for considering the control mechanisms that might be responsible for the changes in the activities of the uptake systems. Lowendorf et al. (4) suggested that the high-affinity system is derepressible because cycloheximide prevented increases in its activity when mycelium was transferred to zero phosphate. Our finding that Vm,f(HA,, but not Km(HA), is subject to change depending on the growth conditions is consistent with this suggestion, although our inability to eliminate the high-affinity system (Fig. 7) indicates that the system has some features of a constitutive system. The simplest explanation for the observed changes is that more high-affinity "carriers" of the existing type are produced during growth at low phosphate concentrations. A similar explanation cannot account for the changes in the lowaffinity system because K, ,A) as well as Viazr1LA) can vary. However, such changes can be accounted for by models in which the intracellular concentration of either the transported substrate or a related metabolite can directly modify the activity of the uptake system. There are a number of precedents for such control of an uptake system in fungi (2, 7) .
